Abstract-A tunable microwave generation is demonstrated by monolithically integrated photonic chip, which combines a mirror section and two distributed feedback (DFB) lasers. The focus ion beam technology was employed to achieve high-quality air/semiconductor slab for the mirror. Two DFB lasers (named slave and master lasers, respectively) can operate in a single fundamental mode when they are individually pumped. A microwave signal with the differential frequency between the two lasers can be obtained through optical heterodyning. A tunable microwave signal up to 25.5 GHz can be generated by adjusting the injected currents of the two DFB lasers. A four-wave mixing spectrum was measured and the linewidth of the generated radio frequency signal is 1.9 MHz.
I. INTRODUCTION
T HE MICROWAVE generation by photonic devices is very important in modern communication systems [1] . From all-optical clock generation [2] , ultra-high speed modulation [3] , to radio over fiber (RoF) systems [4] , many applications require a highly stable microwave source based on photonic devices. It is particularly useful in the radio over fiber (RoF) scheme where a compatible microwave source can simplify the complicated mobile networks and fully utilize the existing fiber network infrastructure [4] . To implement a reliable and compact microwave generation, one of the promising solutions is using two monochromatic optical signals to generate the beating radio-frequency (RF) signals (also called optical heterodyne) [3] , [5] - [7] . Compared to the heterodyne system made by the discrete components, the photonic integrated circuit (PIC) design is much more advantageous in terms of size and efficiency. In previous research, integration of two or multiple optoelectronic components into one chip to realize such function was demonstrated [2] , [8] - [14] . However, most of them involved several re-growth steps (such as Y-branch passive waveguide regrowth) or complex fabrication processes. On the other hand, due to the progress in micro/nano-fabrication, artificial structures such as air slot and dry-etched distributed Bragg reflectors (DBRs) became available for integration or performance enhancement [15] - [19] . These structures, often made by dry etch, can provide a post-epitaxial adjustment to strengthen device performance, and also eliminate tedious dielectric deposition steps. Single mode lasers and wavelength tunable lasers were demonstrated previously using this idea [15] - [17] , [20] . The dry etch process needs to rely on precise photolithography which can be difficult if the structure is in sub-micron regime and the etch step has to be carefully included in the process.
One of the nano-scale fabrication technologies which can alleviate these concerns is called focused ion beam (FIB). This technique utilizes high energy particle beams to etch off semiconductor material. With high precision and post-process adjustment capability, FIB is widely used in transmission electron microscopy (TEM) sample preparation, post-process device diagnosis, and mirror-like surface fabrication [21] . Previously we reported the idea of utilizing FIB technology and demonstrate an air/semiconductor distributed Bragg reflector (DBR) design to incorporate two distributed feedback lasers (DFB) in one monolithic platform and provide a tunable output of microwave signals [22] . In this letter, the benefit of such design is fully investigated and the detailed RF result is presented. The integration scheme is simple and the robust DFB design ensures single mode laser operation to acquire a good microwave output. The final dual-wavelength operation of the chip can produce a beating note between the two optical lights and generate a narrow-linewidth microwave signal. In the following text, both the design and the experimental results will be elucidated.
II. DESIGN OF DISTRIBUTED BRAGG REFLECTORS
The device schematic was shown in Fig. 1 . In a two-section DFB laser chip, an air/semiconductor DBR structure is placed in the center section between the two lasers. The front laser is called the slave laser, and the backside one is called the master laser. With the help of focused ion beam (FIB), specifically defined pattern can be etched onto the semiconductor ridge of the lasers and form air/semiconductor slab structure. The FIB etch usually cut through the waveguide core to generate enough refractive index contrast for the mirror, and the electrical isolation as well. The role of DBR, in addition to serve as the common mirror of both lasers, is also regarded as the optical coupler which introduces the optical field of the master laser into the slave laser and vice versa. If the reflectivity of the DBR is large (as in our case), the coupling between the two lasers is weak and a stable operation can be expected. However, if the reflectivity is too low, the two DFB sections are no longer isolated from each other and can be viewed as a composite coupled-cavity, in which the original dual-mode heterodyne might not work at all. The period of each pair, p, and the semiconductor layer width, d, (both shown in the Fig. 1 ) are two important parameters to be controlled in our design. One less obvious constraint is the total length of this DBR section, which is denoted as L in Fig. 1 . The physical dimensions of the integrated chip are as following: the cavity length of slave and master lasers: 300μm; the total length of FIB-able section: 20μm; ridge width: 8μm; active mesa: 1.5 μm. The limited length on FIB section will put constraint on the DBR design.
The basic ridge waveguide device is composed of two layers: the active wave-guiding layer (plus grating) and the surrounding passive material. The device is in a 3-dimensional structure, and to simulate this structure properly, several methods need to be considered to generate suitable evaluations. First, a finite difference method is applied to calculate the fundamental mode of the waveguide formed by the active layer and its surrounding InP material [23] . The results can be shown in Fig. 2 . After the intensity profile of the fundamental mode is found, we can determine the effective index of the overall waveguide, which is 3.1896 at λ =1550nm [23] , [24] . Other methods, such as 3-dimensional finite-difference timedomain (3D FDTD) simulation, can also perform similar calculations at higher precision but with requirement of greater computer resources [18] . The DBR reflectivity can be then calculated by transmission matrix method [23] . The total DBR length (L) is confined within 18μm such that FIB area is at least 1μm away from the lasers. The total number of DBR pairs is fixed at 10.5 due to electrical isolation and optical mode concerns. The Fig. 3 shows our calculation of reflectivity under the effective index model. The wide range of high reflectivity (nearly 1) can be found in our design, and even though this is a highly idealized calculation, it means our design can be robust against possible process variation. For example, a variation between 2.7 and 3.3 quarter-wavelengths can still produce nearly 100% of reflectivity. So a 10% etching error, which is achievable in current process, can be tolerated in this design and the reflectivity is not inflicted seriously.
III. DEVICE FABRICATION
The epitaxial layers were grown on a n-type InP substrate by a MOCVD system, and a InGaAsP multiple-quantum-well epitaxial layer is the gain medium. After MOCVD growth, mesa etch steps and a subsequent blocking-layer regrowth were carried out to form the buried-heterostructure (BH). The grating pitch of each laser is designed for 1550nm Bragg wavelength, and manufactured through direct E-beam lithography. The wafer was then taken through regular processing steps (including metalization, ridge etch, and deposition of silicon nitride for device isolation, etc.) to have the basic device feature finished. After wafer processing, we further thin the wafer down, dice and bond the laser chip onto a ceramic submount.
The final step is the focused ion beam (FIB) etch, which was accomplished in a vacuum chamber and a Ga ion beam with 30 keV (the equivalent current varying from 1 to 5nA) was used to carve the ridge between the two laser sections. We optimized the FIB etch to prevent the air/semiconductor interface from unwanted roughness, which can be detrimental for laser operation. The etch rate of FIB procedure is about 1.5 μm/min, and the etch pattern can be pre-defined by software. We use 3 quarters of Bragg wavelength for the DBR layer thickness and the width of the semiconductor and air gap is 360nm and 1160nm, respectively. The final air/semiconductor DBR can be seen in Fig. 4 . Different etch depths were tried: 1 μm, 3 μm, and 5 μm. From the measured free-running laser spectrum, we decided the optimal depth is 5 μm. For shallower depth (like 1μm and 3μm), the laser can only work in multiple longitudinal mode, and the electrical resistance between master and slave lasers is too low. 
IV. RESULTS AND DISCUSSION
The uncoated regular DFB is prone to multimode operation. The introduction of DBR at one end ensures of the single mode operation of each DFB section which is important for the microwave generation. The optical spectrum and LI characteristics of an individually driven DBR DFB laser are shown in Fig. 5 . A pure single mode with side-mode-suppression ratio (SMSR) larger than 40dB was measured, and a good laser LI in free-space (no fiber coupling) with 6mA of threshold current proves this FIB etch is successful.
To take the RF signal data, a three probe station was needed to bias the two lasers at I slave and I master simultaneously. A bare fiber tip was placed close to the chip facet to collect the emitted light. The coupled light was directed into either optical spectrum analyzer (OSA) for laser emission spectrum or a high-speed photodetector (NewFocus 1414, 25GHz IR photodetector) and an Agilent 8564E ESA for further readout of RF signals. The combined optical spectrum from the slave laser facet can be seen in Fig. 6(a) , and the microwave spectrum of the beating note can be extracted from the photo-currents of the highspeed detector, shown in Fig. 6(b) . In our test, the bias current of the slave laser (I slave ) is fixed at 70mA while the input current of the master laser (I master ) is continuously increased and thus its emission wavelength will be red-shifted correspondingly. This gradual increase of the master laser's wavelength, when sweeping through the slave laser's peak, can generate a continuously tunable microwave signal via optical heterodyne, and the frequency of this signal can be determined by the separation of the two peaks, called the detuning frequency ( f), and calculated as:
where c is the speed of light, and λ master and λ slave are the wavelengths of emission from the two lasers. As been published before, when the injected power into the slave laser is weak, the slave laser will be in either a chaotic state, a period-one state or a four-wave mixing (FWM) state depending on the f [25] . From the optical spectrum in Fig. 6 (a), our slave laser operates in the FWM state when both lasers are on. Because the actual reflectivity of the DBR is not 100%, a mutual injection between the slave and master lasers happens and the similar FWM spectrum can be observed from the other facet of the master laser. These externally injected photons are, however, much less compared to the ones in the cavity such that the single mode operation of the laser can be maintained. The origin of the FWM feature rises from the fluctuation of carrier number in the laser due to the injected power, and the frequency separation between the satellite peaks and the main one ( f) in the optical domain [ Fig. 6(a) ] can directly correspond to the RF frequencies in Fig. 6 (b) [5] , [7] , [25] , [26] . From our measurement, a series of RF signal can be detected up to 25.5GHz. This RF measurement is, however, limited by the bandwidth of our photodetector, and thus we did not fully explore the entire range. From the wavelength differences of the two lasers, one can deduct that an RF signal as high as 50GHz could be generated. A further separation, however, won't be able to acquire enough power via FWM and thus might not be useful. The linewidth of the RF signal is another important parameter to be identified. In most applications, it is desirable to have a narrow linewidth signal to start with. In the optical heterodyne, if the line shape of the laser emission spectrum is Lorentzian, the generated signal will also be a Lorentzian and carry the summation of the linewidths of each laser [14] . We reduce the resolution bandwidth to 300kHz in the spectrum analyzer and acquire the detailed data points of the generated RF signal in this DBR type of devices. As shown in the Fig. 7 , the measured linewidth is about 1.9 MHz, which is reasonable for a DFB laser with sub-mega hertz linewidth. An 25.7dB peak-to-noise floor also marks the superiority of the generated RF signal.
V. CONCLUSION
In conclusion, a monolithically integrated dual-wavelength DFB laser was fabricated for the microwave generation. With FIB technology, a nano-scale DBR structure can be created in between the two lasers and provide high reflectivity for single mode operation. When two lasers are electrically pumped together, the difference of the two emission wavelengths can be used for optical heterodyning and a high quality RF beating tone can be detected by a high speed photodiode. A tunable microwave signal can be realized up to 25.5 GHz, limited by the bandwidth of our photodiodes. The linewidth of this mixed signal is less than 2MHz and other schemes could be considered for its further improvement. Many solutions require good optical isolation between two lasers, which might need to be carefully evaluated before adapting into our DBR design. This integrated device has the capability to deliver a high output power and small footprint module and it can be a promising candidate for the future generation of compact microwave source.
